After being severed from the cell body, axons initiate an active degeneration program known as Wallerian degeneration. Although dendrites also seem to have an active injury-induced degeneration program, no endogenous regulators of this process are known. Because microtubule disassembly has been proposed to play a role in both pruning and injury-induced degeneration, we used a Drosophila model to identify microtubule regulators involved in dendrite degeneration. We found that, when levels of fidgetin were reduced using mutant or RNA interference (RNAi) strategies, dendrite degeneration was delayed, but axon degeneration and dendrite pruning proceeded with normal timing. We explored two possible ways in which fidgetin could promote dendrite degeneration: (1) by acting constitutively to moderate microtubule stability in dendrites, or (2) by acting specifically after injury to disassemble microtubules. When comparing microtubule dynamics and stability in uninjured neurons with and without fidgetin, we could not find evidence that fidgetin regulated microtubule stability constitutively. However, we identified a fidgetin-dependent increase in microtubule dynamics in severed dendrites. We conclude that fidgetin acts after injury to promote disassembly of microtubules in dendrites severed from the cell body.
INTRODUCTION
During development axons and dendrites grow extensively, and are often later trimmed back to generate specific mature connections (Luo and O'Leary, 2005; Schuldiner and Yaron, 2015) . A largescale version of this pruning process occurs during metamorphosis in some insects as larval body parts are removed and adult ones are innervated (Luo and O'Leary, 2005; Yu and Schuldiner, 2014) . Removal of regions of axons and dendrites is also important after neuronal damage. For example, after irreparable axonal damage, distal regions of the axon are cleared by a process known as Wallerian degeneration (Coleman and Freeman, 2010; Conforti et al., 2014; Gerdts et al., 2016) .
Developmental pruning and injury-induced degeneration proceed through morphologically similar steps. For example, formation of filopodia-like structures occurs relatively early during dendrite pruning (Williams and Truman, 2005a) and dendrite degeneration (Tao and Rolls, 2011) in Drosophila. Membrane internalization is also observed during injury-induced degeneration and pruning (Tao and Rolls, 2011) . Microtubule disassembly seems to be a relatively early step in dendrite pruning (Williams and Truman, 2005a) and axon degeneration (MacDonald et al., 2006) . These early rearrangements are followed by beading and clearance of debris by neighboring cells in all cases (MacDonald et al., 2006; Tao and Rolls, 2011; Williams and Truman, 2005a) .
As developmental pruning and injury-induced degeneration proceed through a defined series of morphological changes, they are thought to operate as programmed cellular pathways analogous to apoptosis. If they are controlled processes like apoptosis, then specific regulators should be involved. Indeed, regulators of dendrite pruning have been identified in Drosophila. These include caspases (Kuo et al., 2006; Williams et al., 2006) , Sox14 and Mical (Kirilly et al., 2009 ), IK2 and katanin p60-like 1 (Lee et al., 2009) , and headcase (Loncle and Williams, 2012) . Regulators of axon degeneration have also been identified, and in many cases have been shown to function in both Drosophila and mammals. Endogenous factors that control Wallerian axon degeneration include MORN4 (Bhattacharya et al., 2012) , Sarm1 (Osterloh et al., 2012) and DLK (also known as wallenda, wnd) (Miller et al., 2009 ). Axon degeneration after growth factor withdrawal seems to involve different regulators, including caspases (Nikolaev et al., 2009; Schoenmann et al., 2010) , and thus might be mechanistically more similar to dendrite pruning during insect metamorphosis than injury-induced axon degeneration.
In contrast to dendrite pruning and axon degeneration, no factors required for dendrite degeneration are known. In addition, it is unclear whether the three processes, pruning, axon degeneration and dendrite degeneration, are controlled by completely independent sets of machinery, or whether a core set of disassembly factors might be shared.
In order to identify regulators of dendrite disassembly after injury, and to gain insight into whether a core set of downstream components might act during pruning and degeneration, we focused on microtubule destabilization. Microtubule loss has been observed as an early event during both injury-induced axon degeneration (MacDonald et al., 2006) and dendrite pruning (Williams and Truman, 2005b) in Drosophila, and has also been reported to be important for axon degeneration induced by injury and growth factor withdrawal in mammals (Maor-Nof et al., 2013) . Microtubule disassembly is therefore a good candidate for a convergence point of the pathways that regulate the different types of degeneration. To identify microtubule regulators involved in degeneration or pruning, we used a Drosophila model system.
Drosophila dendritic arborization (da) neurons are sensory neurons present in the body wall. They are grouped into different classes based on dendrite branching patterns (Grueber et al., 2002) , and the most complex class, class IV, is responsible for nociception (Hwang et al., 2007) . During pupariation, the dendrites of class IV neurons are pruned completely while the cell body and axons remain in place (Williams and Truman, 2005a) . At the end of the pupal stage, dendrites regrow into the adult body wall (Shimono et al., 2009; Yasunaga et al., 2010) . These cells are thus a useful model for studying large-scale developmental dendrite pruning. We have also shown that these cells initiate stereotyped degeneration after axon and dendrite injury (Tao and Rolls, 2011) . In the same cell type, we can thus compare injury-induced axon and dendrite degeneration as well as developmental dendrite pruning. We used this system to screen known regulators of microtubule stability for roles in any of the three processes. We identified fidgetin (CG3326 in Drosophila) as a specific regulator of dendrite degeneration, and show that it acts to increase microtubule dynamics after dendrites are severed from the cell body.
RESULTS

Identification of microtubule regulators involved in degeneration
To identify microtubule regulators involved in pruning or injuryinduced degeneration, we conducted a three-pronged candidate screen. The screen was designed to identify cell-autonomous regulators of degeneration that act in neurons; RNA hairpins targeting each candidate were expressed only in the neurons of interest. Assays for injury-induced axon degeneration, injuryinduced dendrite degeneration and dendrite pruning were conducted in the class IV da neuron ddaC. Neurons were visualized with a membrane-localized GFP (mCD8-GFP) expressed in class IV neurons with ppk-Gal4. Precise severing of axons or dendrites was accomplished with a pulsed UV laser as in previous studies (Stone et al., 2014 (Stone et al., , 2010 Tao and Rolls, 2011) . Complete absence of all dendrite remnants distal to the cut site was scored 18 h after injury (Fig. 1B) . Because clearance of axon remnants was more variable than clearance of dendrite remnants, we scored axon beading at 12 h after injury (Fig. 1A) , rather than complete absence of debris. Dendrite pruning was assayed by scoring dendrite remnants 18 h after the onset of pupariation (Fig. 1C) . The timing of events during these three processes has been described in more detail previously (Tao and Rolls, 2011) .
To reduce levels of candidate microtubule regulators, a tester fly line (UAS-dicer2; ppk-Gal4, UAS-mCD8-GFP) was crossed with lines that contain transgenes that encode large hairpin RNAs under UAS control (Dietzl et al., 2007) . These large hairpin RNAs are expressed with the Gal4-UAS system so that they can be controlled with cell-type-specific promoters. We used Gal4 drivers that result in expression of transgenes specifically in class IV neurons after these cells are specified. This means that most of the animal is normal and neuronal functions of essential genes can be studied. For example, many microtubule regulators are required for mitosis and so can be difficult to study in neurons. This RNA interference (RNAi) strategy allows the function of these genes to be examined in neurons as the hairpins are expressed only once the cells begin to differentiate. Candidates tested in the initial screen included microtubule depolymerases and severing proteins. Kinesin-13 proteins are depolymerases that function to increase subunit loss from microtubule ends (Ems-McClung and Walczak, 2010) , and the AAA ATPases spastin, fidgetin and katanin can cut microtubules (Roll-Mecak and McNally, 2010; Sharp and Ross, 2012) . Two candidates emerged from this screen: Klp59C (a kinesin-13 depolymerase) and fidgetin (CG3326) (Fig. 1D) . However, we subsequently found that the Klp59C RNAi line used in this screen is not phenocopied by other Klp59C RNAi lines or mutants (data not shown). We therefore focused on fidgetin.
Drosophila fidgetin is an AAA ATPase protein proposed to be the single member of the fidgetin family present in Drosophila . Fidgetins are part of a family of microtubule-severing proteins that includes spastin and katanin. Like spastin and katanin, overexpression of Drosophila fidgetin completely disrupted microtubules in cultured Drosophila cells . This phenotype is consistent with all three proteins having microtubule-severing activity. During mitosis, fidgetin seems to have a similar role to spastin, controlling microtubule numbers and the turnover of tubulin at the ends of microtubules . We did not, however, find similar phenotypes for spastin in dendrite degeneration (Fig. 1D) , although axon regeneration is sensitive to spastin RNAi . Katanin p60-Like1 (Kat-60L1) is involved in dendrite pruning (Lee et al., 2009 and Fig. 1D) ; however, we did not find any delay in axon or dendrite degeneration in Kat-60L1 RNAi flies (Fig. 1D) . Based on this candidate screen, we hypothesized that fidgetin is required for normal timing of dendrite degeneration, but not dendrite pruning or axon degeneration. The assay for injury-induced axon degeneration is shown. 12 h after axon severing with a pulsed UV laser, axons were scored as beaded (normal degeneration) or continuous. (B) The assay for dendrite degeneration is shown. A ddaC dendrite was severed near its base with a pulsed UV laser at 0 h. The neuron was scored for complete clearance of the dendrite 18 h later. (C) Dendrite pruning was assayed 18 h after puparium formation (APF). An example image from a pupa is shown. Two adjacent cell bodies can be seen (arrows). Complete clearance of dendrites was scored as normal degeneration. (D) Tester animals (UAS-dicer2; ppk-Gal4, UAS-mCD8-GFP) were crossed with UAS-RNAi lines to target the microtubule regulators indicated. We used an RNAi line targeting rtnl2 as a control as it has never generated a phenotype in any assay we have performed. Kat60-L1 dendrite data was previously reported (Tao and Rolls, 2011) , but is shown here for completeness. *P<0.05 compared to the appropriate rtnl2 control, all unmarked columns were not significantly different from controls (two-tailed Fisher's exact test). Numbers on each column are the number of animals tested for that condition.
Fidgetin functions specifically in injury-induced dendrite degeneration
In the candidate screen, fidgetin RNAi resulted in a small, but significant, reduction in complete dendrite clearance 18 h after severing. To probe this phenotype further, we took two approaches. First, we investigated dendrite degeneration at an earlier time point, and second, we used mutants in addition to RNAi. We determined that assaying continuity of the severed dendrite at 9 h after injury provided a more sensitive assay for dendrite degeneration than assaying for complete absence of dendrite remnants at 18 h (Fig. 2 ). This 9-h time point was used in the rest of the experiments. Three different Deficiency (Df ) lines that remove the fidgetin gene [Df (2L)Exel8008, Df(2L)BSC163, and Df(2L)BSC164] and one P element insertion allele (CG3326 SH1400 ) were used to lower fidgetin levels.
All trans-heterozygous combinations of the SH1400 insertion allele and Df lines, or homozygous SH1400 animals, had more dendrites that were continuous 9 h after severing than controls (Fig. 2) . The phenotype of SH1400/Df was not more severe than SH1400 homozygotes, indicating that SH1400 is a strong loss-offunction allele. The phenotype of the mutant combinations was also not significantly different from that with fidgetin RNAi, indicating the RNAi also induces a strong loss-of-function for fidgetin. All mutant combinations were tested for dendrite pruning and axon degeneration, but as in the initial screen, neither was affected by loss of fidgetin (Fig. 2) . We conclude that fidgetin is required for normal timing of dendrite beading after injury, but not for axon degeneration or dendrite pruning.
Fidgetin reduction does not alter microtubule behavior in uninjured neurons
Loss of fidgetin could delay dendrite degeneration in two different ways. First, if fidgetin severs microtubules in dendrites constitutively, then reduction of fidgetin levels might result in more stable dendritic microtubules in uninjured neurons. These more stable microtubules might resist disassembly after injury and slow degeneration. A second possibility is that fidgetin is specifically activated after dendrite injury to destabilize microtubules and promote degeneration. To distinguish between these two alternatives, we began by examining uninjured neurons.
Reduction of any of the other three severing proteins, spastin, Kat60 and Kat60-L1, in ddaC neurons, alters dendrite morphology and this is thought to reflect a role in microtubule regulation in these neurons (Jinushi-Nakao et al., 2007; Mao et al., 2014; Stewart et al., 2012) . We therefore examined dendrite morphology in uninjured ddaC neurons with normal and reduced levels of fidgetin. Overall neuron shape was indistinguishable in the two genotypes, and the number of branch points was the same (Fig. 3) . This result does not support the idea that fidgetin acts constitutively in dendrites.
To more directly assay microtubule behavior in dendrites with and without fidgetin, we expressed EB1-GFP in both backgrounds. EB1 binds to the plus ends of microtubules when they are growing and falls off when they shrink (Akhmanova and Steinmetz, 2015) . When tagged with GFP, it can be used to assay microtubule polarity in neurons (Stepanova et al., 2003) as well as the number of growing microtubules (Stone et al., 2010) . We did not observe any changes in the behavior of growing ends of microtubules in fidgetin RNAi neurons, including the speed of EB1-GFP comet movement, microtubule polarity or number of growing microtubules (Fig. 4) .
To further test whether microtubules were more stable in neurons with reduced levels of fidgetin, we immunostained larval body walls for acetylated tubulin, a modified form of tubulin associated with microtubule stability (Hammond et al., 2008) . We expressed RNA hairpins and GFP in class IV neurons. Other neurons, including the easily identifiable ddaE neuron, had normal levels of fidgetin in this experiment. We then calculated the ratio of acetylated tubulin RNAi and different mutant alleles of fidgetin were used to reduce fidgetin levels in neurons (RNAi) or globally (mutants). Axon degeneration and pruning were assayed as in the initial screen. Dendrite degeneration was scored by assaying beading at 9 h after cutting. *P<0.05 (two-tailed Fisher's exact test). Numbers on each bar indicate the number of animals assayed.
fluorescence in ddaC (class IV) and ddaE (class I) to normalize for antibody penetration and other variations in fluorescence signal. Reduction of fidgetin did not result in an increased amount of acetylated tubulin in the ddaC cell body or dendrites compared to ddaE (Fig. 5) .
In case either of the assays described above was not sensitive enough to detect subtle changes in microtubule stability, we also developed an assay to probe microtubule turnover. A tandem dimer of photocovertible Eos (tdEos) fused to α-tubulin has previously been used to analyze microtubule sliding in Drosophila S2 cells (Barlan et al., 2013) and cultured Drosophila neurons . As neurons mature, sliding is downregulated Lu et al., 2015) . We therefore reasoned that if we photoconverted tdEos-α-tubulin in mature neurons, any converted tubulin incorporated into a microtubule would only be able to move away after the microtubule depolymerized, and thus by tracking signal from photoconverted tubulin in a segment of a dendrite, we would be able to monitor microtubule turnover. Unconverted tdEos-α-tubulin emits a strong green fluorescence. After illuminating a 7-μm segment of the proximal dendrite with 405-nm light, tdEos-α-tubulin emitted red fluorescence (Fig. 6) . The red mark was still visible 30 min after conversion, and gradually decayed to baseline by ∼2 h. The rate of red tubulin disappearance from the converted region was similar in control and fidgetin RNAi dendrites suggesting microtubule turnover is similar in these two genotypes. We conclude that it is unlikely that loss of fidgetin acts to delay dendrite degeneration by stabilizing dendritic microtubules before injury.
Fidgetin is required to increase the number of microtubule ends after dendrite severing If microtubule stabilization before injury does not account for the degeneration phenotype in fidgetin RNAi neurons, perhaps this protein acts to disassemble microtubules after neuronal injury. To test this idea, we examined the behavior of microtubules in severed dendrites. If fidgetin acts to sever microtubules after dendrite injury, The intensity of acetylated tubulin staining was measured in cell bodies and dendrites of ddaE and ddaC neurons. The ddaE neuron is a control that does not express the RNAi hairpin and was used to normalize the ddaC staining. The ratios of fluorescence intensity in the ddaC to ddaE neuron are shown in the graph. No significant differences between the intensities in control and fidgetin RNAi neurons were found with an unpaired t-test. Results are mean±s.d. The numbers on the bars represent the number of animals tested.
we might expect to see an increase in the number of microtubule plus-ends after the dendrite is removed as each long microtubule is cut into smaller pieces. As a readout of the number of microtubule ends, we expressed EB1-GFP in ddaC neurons. Dendrites were severed from the cell body, and movies of EB1-GFP were acquired 1 h later in the severed piece of the dendrite. The number of EB1-GFP comets increased by, on average, fourfold after dendrite injury in neurons expressing a control RNAi ( Fig. 7 ; Movies 1 and 2). γ-tubulin37C was selected as a control to target with RNAi as it is a γ-tubulin expressed maternally that is not present in somatic tissues including neurons (Wiese, 2008) ; γ-tubulin23C is the somatic replacement that nucleates microtubules in neurons (Nguyen et al., 2014) .
To test whether fidgetin is responsible for the increase in microtubule ends after dendrite injury, we performed the EB1-GFP assay in a fidgetin RNAi background. The injury-induced increase in microtubule dynamics was completely abrogated in this background ( Fig. 7 ; Movies 3 and 4). To test for specificity, we also performed the assay in spastin RNAi neurons. As in control cells, the number of microtubule plus ends increased dramatically in the severed dendrite 1 h after injury (Fig. 7) .
All the experiments described so far were performed in the class IV nociceptive neuron ddaC. To test whether fidgetin functions to increase microtubule ends in other neuron types after dendrite removal, we performed parallel experiments in the ddaE neuron. ddaE is a class 1 dendritic arborization neuron, meaning it has the simplest dendrite arbor of these branched body wall neurons (Grueber et al., 2002) . Rather than nociception, these neurons are involved in proprioception and help coordinate movement (Hughes and Thomas, 2007) . In ddaE neurons expressing a control (γtub37C) RNA hairpin, the number of growing microtubule plus ends labeled with EB1-GFP increased in the severed region of the dendrite 1 h after injury (Fig. S1 , Movies 5 and 6) as in ddaC neurons. Expression of fidgetin, but not spastin, RNA hairpins eliminated the injury-induced increase in microtubule ends (Fig. S1 , Movies 7 and 8). Fidgetin therefore functions to increase microtubule dynamics after dendrite injury in at least two different neuron types.
DISCUSSION
In order to understand how axons and/or dendrites fragment after injury and during developmental clearance, we focused on microtubule breakdown. The microtubule-severing protein kat-60L1 was previously identified as a regulator of dendrite pruning (Lee et al., 2009 ), but does not play a role in injury-induced dendrite (Tao and Rolls, 2011) or axon (Fig. 1) degeneration. In mouse neurons, a microtubule depolymerase is required for normal timing of axon degeneration induced by trophic factor withdrawal (Maor-Nof et al., 2013) . It therefore seemed possible that other microtubule destabilizers might be involved in pruning or degeneration. By using assays for injury-induced axon or dendrite degeneration and developmental pruning in the same cell type, we were able to compare the molecular requirements for the three processes (Fig. 1) . We found that fidgetin is required for normal timing of dendrite degeneration (Figs 1 and 2) , but in the same cells does not delay axon degeneration or dendrite pruning (Figs 1 and 2) .
One challenge in studies on the role of microtubule regulators in pruning and axon degeneration is to demonstrate whether they act to destabilize microtubules constitutively or act specifically during the neurite deconstruction process. We therefore focused on determining whether fidgetin acts in uninjured neurons to control the balance of microtubule stability, or is activated to disassemble microtubules only after injury. In this study, we were able to visualize a dramatic increase in the number of dynamic microtubule plus-ends in dendrites after injury, and to demonstrate that fidgetin is responsible for this injury-induced increase (Fig. 8) . This means that fidgetin is likely to be activated specifically in the severed piece of dendrite. The protein could either be present in the dendrite before injury, but inactive, or could be locally translated in dendrites after injury. Ribosomes are present in dendrites of dendritic arborization neurons and concentrate at dendrite branch points (Hill et al., 2012) so either mechanism is possible. In future studies, it will be extremely interesting to determine how injury controls fidgetin levels or activity.
Although microtubule dynamics are initially upregulated during dendrite degeneration (Fig. 7) , microtubule comets eventually disappear completely at between 4 and 6 h after dendrite injury (Tao and Rolls, 2011) , just prior to membrane beading. Interestingly, a spike in microtubule dynamics followed by a subsequent decrease has also been observed in the severed region of mouse axons (Kleele et al., 2014) , hence, it is possible that a microtubule-severing protein also acts in this context. We hypothesize that increasing the number of microtubule ends soon after dendrite or axon injury facilitates subsequent microtubule disassembly. It is possible that a microtubule depolymerase acts on Fig. 6 . Microtubule turnover is similar in control and fidgetin RNAi neurons. A schematic of the assay for dendritic microtubule turnover using tdEOS-labeled α-Tubulin is shown in A. A 7-μm region in the proximal dendrite was photoconverted by using a 405-nm laser. After 0.5 h, 1 h, 2 h, 4 h or 6 h, the converted dendrite was checked for the remaining red tdEOS. Examples of photoconversion are shown in B. Scale bar: 10 μm. Photoconverted segments were imaged at different time points and the red fluorescence was measured both in the conversion region and outside it. The difference between the signal in the conversion region and neighboring regions was normalized to the same measurement at 0 h. Data points are mean±s.d. The n-values for each genotype and time point were as follows: control, 0.5 h, n=16; 1 h, n=21; 2 h, n=15; 4 h, n=18; 6 h, n=16; fidgetin RNAi, 0.5 h, n=20; 1 h, n=18; 2 h, n=16; 4 h, n=16; 6 h, n=15.
these microtubule ends to further eliminate microtubules. Although targeting Klp59c, which is in the same kinesin-13 family as the depolymerase involved in axon degeneration in mice (Maor-Nof et al., 2013) , delayed degeneration in our initial screen, we could not confirm a role for this enzyme with other RNAi or mutant alleles. It therefore remains to be seen whether microtubule dynamics in dendrites is terminated during degeneration by an active depolymerase or by eventual exhaustion of energy, which is required for microtubule growth.
Reduction of fidgetin delays dendrite degeneration by several hours, but degeneration eventually proceeds. This is consistent with a model in which several parallel processes are activated by injury to induce disassembly of severed dendrites. Active disassembly of microtubules seems to be one aspect of degeneration that likely makes it easier for the axon or dendrite to bead. However, microtubules are dynamic polymers that constantly grow and shrink and require energy to do this. During axon degeneration at least, energy levels eventually fall (Gerdts et al., 2016) , and this could allow passive disassembly of microtubules if the active mechanism is impaired.
Interestingly, alterations in microtubule dynamics seem broadly associated with neuronal injury and stress responses. A dramatic increase in the number of microtubule plus ends is also observed after axon injury in Drosophila, but on the cell body side of the cut, rather than in the severed piece (Stone et al., 2010) . This longer term (6-48-h time range) global increase in microtubule dynamics after axon injury is also observed in mouse neurons (Kleele et al., 2014) . We have been able to show in Drosophila that these global increases in microtubule dynamics on the cell body side of the axon injury are mediated by microtubule nucleation and not severing (Chen et al., 2012) . In addition to being mechanistically distinct from the increase in dynamics associated with degeneration here, this nucleation-induced increase in dynamics acts to stabilize the injured neuron (Chen et al., 2012) rather than as part of the disassembly process. Thus, increases in the number of microtubule plus ends after injury can be part of either stabilizing or destabilizing pathways, depending on the mechanism in which they are induced and probably also on the other microtubule regulators, for example depolymerases, active at the same time.
MATERIALS AND METHODS
Drosophila stocks
The tester fly lines for RNAi experiments included the following: UASdicer2; ppk-Gal4, UAS-mCD8-GFP and 477-Gal4, UAS-EB1-GFP/CyO; UAS-dicer2 and 477-Gal4, UAS-tdEOS-α-tubulin/CyO-actinGFP; UASdicer2. All the RNAi experiments included dicer2 to increase the knockdown efficiency of the neuronal RNAi (Dietzl et al., 2007) . The following RNAi lines were obtained from the Vienna Drosophila RNAi center (VDRC, Vienna, Austria): UAS-rtnl2-RNAi (33320), UAS-fidgetin-RNAi (24746), UAS-katanin-60-RNAi (38368), UAS-katanin-p60L1-RNAi (31598), UASspastin-RNAi (33110), UAS-stathmin-RNAi (32370), CG10793 (31351), UAS-Klp59C-RNAi (48576), UAS-Klp59D-RNAi (100530), UASKlp10A-RNAi (41534), UAS-Klp67A-RNAi (52105). Fig. 7 . The number of growing microtubules increases in severed dendrites in a fidgetin-dependent manner. Movies of EB1-GFP dynamics were acquired in ddaC neurons expressing control (γTub37C RNAi), fidgetin or spastin RNA hairpins. EB1-GFP dots were counted in the cut-off part of dendrite arbor in injured animals or the whole dendrite arbor in uninjured ones, and the length of in-focus dendrites was measured. Total comet number was divided by length to give the average number of comets in a 10-μm stretch. (A) Comet number per 10-μm length is shown in uninjured or severed dendrites 1 h after laser surgery. ***P<0.001; n.s., not significant (unpaired t-test). (B) Example kymographs of EB1-GFP movement are shown. The following mutant and deficiency lines were provided by the Bloomington Drosophila Stock Center: fidgetin SH1400 /CyO, fidgetin Df (2L)Exel8008/CyO and fidgetin Df(2L)BSC164/CyO. We rebalanced all the mutant and deficiency lines with CyO-actinGFP in our laboratory. For homozygous fidgetin mutants or fidgetin mutant over-deficiency genotypes, lines were generated that contained the fidgetin SH1400 mutant on the second chromosome balanced with CyO-actinGFP, and the ppk-Gal4 and mCD8-GFP transgenes on the third chromosome balanced with TM6 (Tb). These lines were crossed to fidgetin mutant or deficiency lines balanced with CyOactinGFP. Then, non-Tb progeny without actin-GFP were analyzed.
Axon and dendrite injury experiments
The injury assays in this paper were performed in ddaC neurons in Drosophila larvae, with the exception of those in Fig. S1 . mCD8-GFP driven by ppk-Gal4 was used to visualize the ddaC neurons. Embryos were collected overnight and then aged at 25°C for 3 days before imaging. A whole larva was mounted on a slide with a dry agarose cushion and covered with a coverslip that was held in place with tape. Live imaging was performed on an FV1000 confocal microscope (Olympus), an LSM510 confocal microscope (Zeiss) or, for microtubule dynamics, a Zeiss AxioImager with a Colibri LED illuminator. ImageJ software was used to generate maximum-intensity projections and perform image analysis (http://rsb.info.nih.gov/ij/).
To injure neurons, we used a MicroPoint pulsed UV laser (Andor Technology) to sever a single axon or dendrite close to the cell body. Images were acquired immediately after severing to make sure that axons or dendrites were completely cut. The larvae were then returned to normal Drosophila medium to recover at 25°C. The same larvae were later remounted on the microscope to examine the severed axons or dendrites. Dendrites that remained continuous without signs of fragmentation were scored at 18 h or 9 h after injury. Axons without beading 12 h after severing were used as the readout of axon integrity.
Dendrite pruning
Pruning was studied in ddaC neurons. White pre-pupae were collected and maintained at 25°C. At 18 h after puparium formation, the pupal cases were first removed as described previously (Williams et al., 2006) and then imaged on a confocal microscope. The presence of dendrites at this time point was scored as a pruning defect.
Microtubule behavior in uninjured neurons
To assay microtubules in uninjured neurons (Fig. 4) , females from the 477Gal4, UAS-EB1-GFP; Dicer2 tester line were crossed to control or fidgetin RNAi flies. Three-day-old larvae were mounted on slides and imaged with a Zeiss Imager.M2 equipped with Colibri LED illumination. Movies were taken at a rate of one frame per second and 200 frames were acquired. To quantify the EB1-GFP dynamics, a 10-μm-long dendrite segment close to the cell body in the ddaC neuron was chosen. EB1 comets that went through the segment were counted during the whole movie and the total number of comets is shown in Fig. 4E . These comets were also scored based on direction of movement towards or away from the cell body. Velocity of comets was also measured from these movies.
Microtubule dynamics after dendrite injury
To examine the persistence of EB1-GFP comets after dendrite severing, flies with UAS-RNAi transgenes were crossed to the 477-Gal4, UAS-EB1-GFP; dUAS-dicer2 line for ddaC neurons or UAS-dicer2; 221-Gal4, UASdicer2 for ddaE neurons. Standard dendrite severing was performed on a 3-day-old larva. After 1 h, a time series was taken of the transected dendrite using a Zeiss Imager.M2 equipped with Colibri LED illumination. Movies were taken a rate of one frame per second and 300 frames were acquired. To quantify the EB1-GFP dynamics, comets in six in-focus frames (usually frame 1, 51, 101, 151, 201 and 251) were counted. The number of EB1-GFP comets was counted in the severed part of the dendrite arbor in injured neurons or the whole dendrite arbor in uninjured ones, and the length of infocus dendrites was measured. Only mobile comets appearing in three consecutive frames were counted. EB1-GFP comet number was normalized to the length of in-focus dendrite for every neuron.
Immunostaining
For immunostaining of ddaC neurons, UAS-RNAi transgenic flies were crossed to UAS-dicer2; ppk-gal4, UAS-mCD8 GFP flies. Third-instar larval progeny were dissected in Schneider's medium and fixed in 4% paraformaldehyde for 30 min. After fixation, the larvae were washed four times in blocking solution (PBS, 1% BSA, 0.2% Triton X-100 and 10 mM glycine) and each wash lasted at least 10 min. Larvae were then incubated overnight at 4°C with primary antibody against acetylated-α-tubulin (1:1000, mouse monoclonal antibody T7451, Sigma) in the blocking solution. The next day, they were washed in the blocking solution several times for a few hours to remove the primary antibody. Then a RhodamineRed-X-coupled secondary antibody (Jackson ImmunoResearch) was applied to the larval preparations for 2 h at room temperature. The secondary antibody was removed with a final four washes with the blocking solution, and larval preparations were stored at 4°C in 85% glycerol and 15% 50 mM Tris-HCl, pH 8 until imaging. Images were obtained on a Zeiss LSM 510 confocal microscope.
Tubulin photoconversion assay 477-Gal4 was used to drive the expression of UAS-tdEos-α-tubulin, UASDicer2 and control or fidgetin hairpin RNAs in class IV neurons. In one ddaC neuron per animal, a segment of ∼7-μm (50 pixels on an Olympus FV1000 microscope, 60× lens, 3× zoom) was chosen near the soma and illuminated with a 405-nm laser to photoconvert the tdEos-α-tubulin from green to red. Converted neurons were imaged immediately after conversion (0 h) and re-checked for red fluorescence at 30 min, 1 h, 2 h, 4 h or 6 h later using a 543-nm laser. Counter-images of the unconverted tdEos-α-tubulin were acquired with a 488-nm laser. Different sets of cells were used for each time point rather than assaying the same cells at multiple time points as the red signal bleached easily. Fluorescence intensity was measured within the 7-μm segment using ImageJ. Red fluorescence intensity was measured in converted segment and in the neighboring non-converted region using ImageJ. Remaining fluorescence intensity (FI) was defined as (FI converted −FI neighboring ) timecourse /(FI converted −FI neighboring ) 0h .
